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Abstract 

Cell adhesion, a fundamental process of cell biology is involved in the embryo development and 
in numerous pathologies especially those related to cancers. We constrained cells to adhere on 
extracellular matrix proteins patterned in a micro lattices. The actin cytoskeleton is particularly 
sensitive to this constraint and reproducibly self organizes in simple geometrical patterns. Such 
highly organized cells are functional and proliferate. We performed statistical analysis of spread 
cells morphologies and discuss the existence of a fundamental lengthscale associated with active 
processes required for spreading. 
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In vivo, cells proliferate on the 3D structure of extracellular proteins that forms a highly 
organized scaffold: the extracellular matrix (ECM) is an arrangement of different proteins[l|. 
Cell adhesion onto the ECM is a fundamental process involved in the embryo development 
as well as in numerous pathologies especially those related to cancers ^. In many cell 
types, the integrin family of transmembrane proteins is responsible for cell interactions with 
ECM proteins. This specific interaction among other micro environmental physicochemical 
parameters such as support compliance or shape 0, 5, ^ has been shown to be relevant 
for the regulation of cell proliferation and to the accomplishment of their functions. 

Following we use adequately tailored micro lattice of proteins to obtained very 

reproducible and simple actin cytoskeleton organization. The microfabrication of the protein 
array and the simplified actin cytoskeleton morphology that we systematically observe are 
described next. The result of the statistical analysis of cell shapes are presented in a second 
part. In particular, we discuss results indicating the existence of a characteristic length. This 
length is associated with the actin based, active protrusive processes needed to explore the 
environment and to establish new adhesive contacts required for spreading and migration. 

According to amphiphilic properties of globular proteins they tend to accumulate and adsorb 
at interfaces Hydrophobic surfaces yield protein films of larger density than hydrophilic 
surfaces [S]. The principle of fabrication of the protein lattice is based on such non specific 
protein immobilization on hydrophobic surfaces through a patterned photo-resist mask fol- 
lowed by a lift-off. The photo-resist is insolated using optical UV lithography. Patterns with 
a critical size of l/im are thus achievable. In this study, although several proteins where suc- 
cessfully tested (fibronectin, fragment of fibronectin, antibodies, vitronectin, gelatin) best 
results in terms of spatial resolution were obtained with a fragment of fibronectin made 
of domains of type III 7 to lojsl. Fig. [T] shows the adsorption kinetic of the fragment at 
20/ig/ml. The adsorption isotherm on hydrophobic surface is shown in the inset of fig. [H 
Both graphs indicate that the adsorption is limited as expected [hJ. After adsorption, the 
photo-resist mask is lifted-off. The yet photo-resist protected surface must be blocked to 
prevent further adsorption of protein from the culture medium that would otherwise rapidly 
)lur out the protein pattern. This major problem in pro tein patterning and has been solved 
nl, Q by using a commercially available polymer that spontaneously adsorb on hy- 
drophobic surface in the same manner as proteins. We were able to maintain consistent cell 
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Figure 1: Kinetic of fibronection adsorption on hydrophobic glass substrates. Lower inset: ad- 
sorption isotherm on hydrophobic surface. Upper inset: durabihty of protein patterns with cells 
cultured on fibronectin square islands. 

patterns and to keep the repellent properties of the surface for more than 4 days as shown in 
the images of figure [TJ the square adhesive islands kept their geometry despite confluent cell 
crowding. The lift-off of proteins on hydrophobic surfaces followed by the immobilization 
of blocking polymer is a very efficient way to produce high resolution adhesive patterns of 
controlled geometry. Nevertherless it will never reach the resolution achieved in where 
patterning at the molecular level is realised. However, in contrast with microstamping it 
produces patterns of very high quality and allows easy alignement with existing structures. 

We tested the biocompatibility of the protein lattice by studying cell spreadings. Cells 
were harvested and plated onto the patterns and spread for 4 hours before fixation in 
paraformaldehyde. The actin cytoskeleton was revealed using rhodamine labelled phalloidin 
and focal contacts by primary antibody directed toward vinculin. Cover slips were mounted 
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Figure 2: Typical single cell shapes observed for various protein lattice. Red is F-actin cytosquele- 
ton, green is vinculin and blue is fibronectin. Scale : white bar is lO^m. Non patterned substrate 
(a), lattice pitch 4^m (b), 6/um (c), 10^?Ti(d), lAfim (e). 



in mowiol for fluorescence microscopy. More details on the methods are given in [15|. For 
non patterned substrates (flg. [2^) no particular actin cytoskeleton organization can be ob- 
served. For small distances betv^^een adhesive dots (flg. [2]b), the cytoskeleton organisation is 
similar to the one observed on non patterned substrates. However, as the distance between 
adhesive spots is increased, the shape of cells is very quickly simplifled into elementary ge- 
ometries (flg. Eb-d). It is remarquable how the complex cytoskeleton organization of flg.s 
[2h-b is simplifled: stress flbers are exclusively located on the edges of the cell body and 
linked to well identifled focal contacts at their ends. 

Each actin cytoskeleton organization was classifled according to its area and compacity jl^. 
Fig. [3] shows the population of cells in each class for a lattice pitch of 10 jam. Each peak 
corresponds to a simple geometrical compact shape that can be drawn between adhesive 
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Figure 3: Distribution of shape obtained for a dot spacing of 10/im. The colorcode represent the 
number of cells observed in a particular configuration. The maxima of occurence are obtained for 
the 4 dots square and 6 dots rectangle shown in the inset. 

islands. It shows that the most probable organization is the 4 dots square and that cell 
shapes can be classified. 

On a non patterned substrate the ECM layer is dense and almost every membrane protrusion 
leads to engagement of integrins. Very quickly cells adopt a migrating phenotype in which 
the cytoskeleton is continuously rearranging. Cell shapes cannot be classified. By contrast, 
on a protein lattice, a finite distance between neighbouring adhesive spots is introduced 
and the membrane protrusion are less efficient in finding new ligands. Fig. [4] supports 
this idea and compares the mean area of spread cells as a function of the lattice pitch 
with the distribution of the length of filopodia. The mean area decreases very rapidly 
once the distance is increased. As shown on fig. [4] membrane protrusions are able to 
explore only the close environment of cells. The probability that a protrusion exceeds a 
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Figure 4: Shape selection through protrusion length. Left axis, open squares: average mean area 
of single spread cells on proteins arrays with different pitches. Right axis, open circles: probability 
to find a filopodia of a given length (averaged on 20 different cells and 400 filopodia. 

distance of lO/im is low. Moreover, because of the geometry of the lattice, all protrusions 
are not successful in finding new ligand, reducing further the probability to engage membrane 
receptors. The distance between adhesive spots introduce thus a length that can be compared 
with the average length of protrusion. By increasing the distance between adhesive spots 
the probability to change the set of adhesive constraint is gradually reduced. The actin 
cytoskeleton has thus time to relax and to self organize into very simple shapes. The protein 
lattice probe thus a fundamental length related to the protrusion length. 

In this letter we studied single cell spreading onto micro fabricated patterns of controlled 
geometries. Protrusions are the limiting process resulting in a greatly reduced spread cell 
area as soon as the pitch is greater than their typical length. As a result stress fibers are 
exclusively located at the edges of the cell body and attached to two focal adhesion at their 
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ends. 
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